The spectral complexity in the NH stretching mode of hydrogen-bonded pyrazoles is traced back to an extensive Fermi resonance system involving combinations and overtones of at least four aromatic ring modes with significant in plane hydride bending character. The couplings are shown to be inherent in the monomer, but hydrogen bonding is required to bring them into resonance with the NH stretching chromophore. A cost-efficient variational "monomers-in-clusters" model is presented and applied to a five-dimensional subspace of pyrazole. Spectra of substituted pyrazoles confirm the robustness of the coupling, which remains dark in strained dimers, but lights up in linearly hydrogen-bonded trimers.
INTRODUCTION
Since the first description of a resonance between the symmetric stretching fundamental and the bending overtone in CO 2 by Fermi in 1931, 1 such Fermi resonances between two vibrations with Ϸ1 : 2 frequency ratio have been among the best studied pathways for intramolecular vibrational relaxation processes. With increasing molecular size and density of states, they become more frequent, although strong resonances usually require a close vicinity of the active atoms. Few Fermi resonances are as basic and well developed as the one in CO 2 . Often, they have to be "tuned in" by reshaping or climbing the potential energy hypersurface. The latter is the case for the resonance between CH stretching and bending modes, which can be tuned in by moving to anharmonically distorted higher CH stretching excitations.
2,3
The former approach of reshaping the potential energy hypersurface is possible via intermolecular interactions. Hydrogen bond-induced redshifts can change hydride stretching fundamentals quite significantly. They may thus come into resonance with overtones or combination levels of lower frequency skeletal vibrations of the same molecule, which are typically less sensitive to hydrogen bonding. This phenomenon has been investigated in detail for carboxylic acids ͑see, e.g., Refs. 4-6͒, where Fermi resonances shape the coarsegrained structure of the OH stretching band in the hydrogen bonded dimers, whereas they are not active in the corresponding monomers. Recently, a similar effect has been found for the NH stretching band of the hydrogen bonded 7-azaindole dimer and has been adressed in an experimental 7 and a comprehensive theoretical study. 8 In both azaindole and carboxylic acids, the hydrogen bond donor and acceptor sites are separated by three chemical bonds ͑H u X u C v X͒ with bond angles close to 120°. This geometry leads to symmetric, strain-free doubly hydrogen bonded dimers. The switch from local monomer XuH stretching dynamics to strongly coupled dimer dynamics is thus discontinuous or sudden.
It would be desirable to follow the onset of Fermi resonances in a more continuous way, by gradually intensifying its cause, the intermolecular perturbation. A first step in this direction would be to arrange the hydrogen bonding functionality in a pattern which is less suitable for dimerization, keeping in mind the directionality of hydrogen bonds. This is the case for pyrazoles, where the donor and acceptor sites are separated by only two chemical bonds ͑HuNuN͒ at an Ϸ120°angle. A symmetric dimer formed between two pyrazoles will necessarily have bent hydrogen bonds, whereas trimers can accomodate more or less linear hydrogen bond structures. This is illustrated in Fig. 1 . As a consequence, planar C 3h pyrazole trimers or winding chains are often observed in the crystalline solids, [9] [10] [11] unless sterical constraints induced by bulky ring substitution enforce C 2h dimer or strongly folded tetramer formation. Concerted and stepwise proton tunneling in cyclic pyrazole oligomers is a very sensitive probe of this subtle interplay between cooperative bonding, hydrogen bond strain, and sterical hindrance. [12] [13] [14] [15] [16] In solution and in the gas phase, cyclic clusters beyond the dimer usually prevail as well. 17, 18 Under most conditions the cyclic C 2h dimer of pyrazole, postulated by W. Hückel et al. in 1940, 19 only represents a minor component. 20 It is best prepared either at high temperatures, 18 where the strong temperature dependence renders the determination of the band center difficult, or in supersonic jet expansions. 21 The latter method has provided an accurate band center for the IRactive dimer stretching fundamental at 3255 cm −1 for the first time. In contrast to the case of carboxylic acid dimers, which feature similar strength hydrogen bonds, pyrazole dimer shows a simple and narrow IR-active NH transition with no evidence for pronounced vibrational coupling.
have been observed in cyclic oligomers of substituted pyrazoles. 18, [22] [23] [24] [25] In all cases, a broad, often structured band dominates the NH stretching spectrum. Indeed, the spectra obtained in seeded supersonic jet expansions of the parent species reveal that the breadth of the higher cluster band is neither due to thermal broadening effects nor to cluster isomerism. 21 The onset of spectral complexity in pyrazole whenever the NH stretching fundamental falls in the 2500-3200 cm −1 range has been put in the context of Fermi resonance interactions by several authors. 18, [22] [23] [24] [25] We summarize a few of these observations. The same phenomenon occurred in aqueous solution with water mimicking the surrounding in the self-aggregates. 25 They argued that the essential ingredient for the spectral features is the change in electronic structure induced by hydrogen bonding.
What is still missing is a combined experimental and theoretical mapping of these phenomena as a function of NH stretching frequency or cluster size. In the present work, we will outline the buildup of intramolecular Fermi resonances as the NH stretching force constant is reduced, thus explaining the coarse-grained vibrational structure in the region between 2800 and 3200 cm −1 without having to invoke any other electronic structure change. The extension of the multidimensional anharmonic "monomers-in-dimers" model, successfully applied to carboxylic dimers, 4 to a "monomersin-clusters" ͑MIC͒ model allows the identification of the key vibrations that contribute to the complex band pattern. Experimental spectra and harmonic force field calculations for pyrazoles with CH 3 or CF 3 substituents on the ring support the results.
EXPERIMENTAL
Supersonic jet IR spectra of the NH stretching vibrations of pyrazole derivatives seeded in He were recorded using the ragout jet Fourier transform infrared ͑FTIR͒ technique, 26 a pneumatically pulsed room temperature slit jet expansion probed by a synchronized 2 cm −1 resolution FTIR scan. The spectra of the parent compound were presented before. 21 By using a relatively wide slit ͑0.5 mm͒, there are sufficient collisions in the expansion to promote the formation of dimers, trimers, and possibly also some larger clusters of the heterocyclic compounds despite their low vapor pressure. Only for 3,5-dimethylpyrazole ͑99%, Alfa Aesar͒, a heatable nozzle experiment 27 ͑nozzle temperature Ϸ100°C, sample temperature Ϸ80°C, 10ϫ 0.5 mm 2 slit nozzle͒ was required to generate a sufficient density of dimers and larger clusters. In the room temperature experiments, the expansion can be sustained for 140 ms despite a slit length of 120 mm, because the gas is diluted in a 23 m 3 buffer chamber, before being pumped away by a series of Roots blowers at 2000 m 3 h −1 . After a recovery period of up to 60 s, the process is repeated and the resulting spectra are coadded. The Bruker IFS 66v/S FTIR spectrometer is equipped with a Globar light source, a CaF 2 beamsplitter and an optical filter ͑2.8-5.0 m͒. After crossing the expansion zone, the collimated IR beam is focused by a parabolic mirror ͑f =43 mm͒ onto a large area InSb detector, which is located in an externally evacuated detector chamber.
The pyrazole gas mixtures are prepared by flowing He ͑ജ99.996%, Air Liquide͒ at 1.2-1.8 bar through a glass saturator containing the solid pyrazoles ͓3͑5͒-methyl- pyrazole: 97%, Fluka; 4-methylpyrazole: 99%, Aldrich; 3͑5͒-͑trifluoromethyl͒pyrazole: 99%, Aldrich; and 3,5-bis͑trifluoromethyl͒pyrazole:
97%, Fluorochem͔ at 293-298 K. The stagnation pressure in the reservoir ranges from 1.0 to 1.5 bar.
THEORETICAL
The electronic structure, potential scans, and harmonic frequency calculations described in this work were performed using GAUSSIAN 03 ͑Ref. 28͒ either at the B3LYP level and a 6 -31+ G * basis set ͑in the following referred to as "B3LYP calculations"͒ or with the ab initio MP2 perturbation approach using the 6 -311+ G ** basis set ͑"MP2 calculations" in the following͒. For the parent pyrazole, anharmonic frequency calculations based on perturbation theory 29 were also performed in order to explore the anharmonicity of the N-H stretching vibration in a simple way.
The multidimensional anharmonic model calculations described here ͑MIC͒ build on the monomers-in-dimers model outlined in Ref. 4 . This model starts with the monomer and modifies its vibrational wavenumbers according to the influence of hydrogen bonding, leaving the nature of the vibrational coordinates and the couplings unchanged.
The main parameter is the softening of the NH oscillator caused by the hydrogen bond formation. The weakening of the NH bond shifts its stretching frequency into a region of other intramolecular vibrational energy levels. Following local NH stretch excitation, the intrinsic coupling with these degrees of freedom is activated by the resonance condition and leads to the distribution of vibrational energy over all involved levels.
The shift in the model calculations is introduced by a simple scaling procedure. 30, 31 The monomer vibrational Hamiltonian neglecting vibrational angular momentum terms in reduced normal coordinate representation q k with conjugate momenta p k is given as 32, 33 
where
h is Planck's constant, c the speed of light, i = ͱ −1, and Q k are the usual mass-weighted normal coordinates with corresponding harmonic wavenumbers k . V anharm collects all anharmonic contributions to the potential energy. Within the harmonic approximation ͑i.e., V anharm =0͒ a change of the fundamental transition wavenumber from the monomer ͑ monomer ͒ to a complex ͑ complex ͒ can be described exactly by scaling the monomer wavenumbers k in ͓Eq. ͑3͔͒.
Different sources can be used for monomer and complex to obtain the scaling factor f k , such as theoretical predictions or experimental fundamental wavenumbers. In order to retain the functional form of the potential in terms of reduced coordinates ͑q k ͒, the scaling has to be effected according to the following equations, which define the effective MIC Hamiltonian:
Note that the potential function has exactly the same form as in Eq. ͑1͒, but with the reduced coordinates redefined in terms of mass-weighted normal coordinates,
As has already been emphasized in Ref. 4, this model cannot account for the experimentally observed fine structure that corresponds to energy flow on longer ͑ജpicoseconds͒ timescales nor does the model describe the increase in NH oscillator strength upon complexation. Nevertheless, the relative intensities within the NH band system should be reasonably well described, as they mainly depend on the degree of the coupling. Thus, the MIC approach constitutes an effective method to identify the main contributions to the coarsegrained vibrational structure and to model the dominant energy flow paths. The first step in these calculations is a search for coupling partners in the relevant spectral range. For this purpose, a systematic search for harmonic aЈ combination states involving up to four quanta in arbitrary normal modes of C s -symmetric pyrazole was performed. For the promising combinations, preliminary scans in two or three dimensions were carried out in order to find strong coupling partners. These calculations were performed with the B3LYP functional and a 6 -31+ G * basis set using GAUSSIAN 03. 28 Pyrazole possesses four ring stretching vibrations 22 in the harmonic frequency range between 1300 and 1600 cm −1 with strong ␦ NH character, which is expected to promote the coupling. As these modes also have significant CH bend character ͑␦ CH ͒, we simply label them 1-4 , in accordance with Ref. 22 . A five-dimensional ͑5D͒ calculation was carried out including the NH stretching vibration NH and these four vibrations 1-4 . More than 5.2ϫ 10 4 points were calculated on the five-dimensional B3LYP/ 6-31+G * potential energy ͑PES͒ and dipole hypersurface along the normal coordinates of the corresponding vibrations in the range from −6.0 to +6.0. A refinement of the surface was carried out using the technique of successive averaged spline interpolations, 32, 33 resulting in a smoother hypersurface on equidistant grids with a step width of 0.5 in each coordinate. A second spline-interpolated hypersurface based on Ϸ10.2 ϫ 10 4 points was evaluated at the ab initio MP2 level using the 6 -311+ G ** basis set in order to test the sensitivity of the MIC model with respect to differences in the electronic structure approach. The vibrational problem was solved employing a successive adiabatic truncation in a discrete variable representation. 34 The contributing vibrations to the MIC energy levels were identified by the overlap with harmonic vibrational wavefunctions. Figure 2 shows the normal modes that have been found to be the main coupling partners of the NH stretching vibration ͑the in plane ring deformations 1-4 ͒, including their harmonic wavenumbers, as calculated at the B3LYP/ 6-31 +G * and MP2 / 6-311+G ** levels ͑see also Table V͒. As expected they coincide with the modes with the most pronounced NH-bend character.
RESULTS AND DISCUSSION

MIC calculations for pyrazole
The adjustable parameter in the multidimensional anharmonic calculations is the scaling factor f NH which is applied to the NH stretching mode prior to the variational solution of the vibrational problem. The ring vibrations are left unchanged in most calculations, because they are affected only slightly by hydrogen bonding. Several scaling factors ͑Table I͒ were applied to the NH stretching vibration to either reproduce quantum chemical predictions or experimental values for various cluster sizes. 21 Intermediate scaling factors were added in order to follow the smooth evolution of the spectra from the monomer to the higher cluster. Different sources of reference wavenumbers monomer and complex ͓see Eq. ͑4͔͒ were used in the scaling resulting in a range of k sc values.
The spectral appearance changes profoundly with decreasing scaling factor as can be seen in Fig. 3 . In these calculations the ring stretching vibrations 1-4 remain unscaled. The scaling of 1-4 based on calculated harmonic wavenumbers in the trimer shifts the entire band system toward higher wavenumbers ͑by Ϸ30-100 cm −1 ͒, without changing its general appearance.
The NH stretching vibration is seen to walk into resonance once the scaling factor f NH falls below Ϸ0.890 ͓trace ͑f͔͒. The ring vibration overtones and combination bandsoriginally dark states-start to light up according to their acquired NH stretching character. Beyond f NH Ϸ 0.810, the NH vibration walks out of the zone of resonance.
The NH stretching character ͑% NH ͒ in the strongly coupled MIC spectra ͓e.g., Fig. 3͑h͔͒ is smeared out over a large number of different energy levels. As can be seen from Table II , none of the transitions corresponds predominantly to a NH transition but many of them show strong mixing with the NH mode so that the character of the excited NH stretch is redistributed over several vibrational levels leading to this strong resonance phenomenon. Figure 4 shows simulated spectra based on the MP2 PES, obtained by applying the same scaling factors to the NH stretching vibration as for Fig. 3 ͑f NH in 234309-4main contributions to the resulting vibrational states of one exemplary spectrum ͓Fig. 4͑h͔͒ are summarized in Table III ͑to be compared with Table II͒. A first assessment of the two five-dimensional treatments refers to the predicted position of the unperturbed monomer NH stretching fundamental ͑Figs. 3 and 4, trace ͑b͒, scaling factor f NH =1͒. The B3LYP based prediction ͑3529 cm −1 ͒ falls quite close to the experimental band position of 3523 cm −1 . 20, 21 The MP2 prediction amounts to 3550 cm −1 , still in good agreement with the experimental position.
In line with a slightly softer B3LYP NH oscillator, the scaling factor required to reproduce the experimental dimer absorption is closer to 1 ͓f NH Ϸ 0.920, see also Fig. 3͑d͒ placements ͑shown in Fig. 2͒ at the different levels of electronic structure theory indeed reveals that in the MP2 case, two of them are somewhat more localized, i.e., they have reduced hydride bending character ͑namely, 2 and 3 ͒. Perhaps this is the reason for less pronounced fractionation of NH stretch character and hence of transition intensity. The third interesting difference between the two models refers to the intensity, which is related to mode mixing, rather than to the effects of hydrogen bonding on the dipole hypersurface. As the MP2 dynamics is more localized, the intensity is distributed less uniformly. This, as well as the intrinsic strength of the NH stretching mode ͑see Table V͒, is reflected in the different band strength scales in Figs. 3 and  4 .
Apart from these differences in detail between the MP2 and B3LYP models, the general pattern is uniform and fully consistent with the Fermi resonance concept. The more the NH stretching mode is scaled down, the more it picks up resonances with the ring modes. Initially, the higher frequency combination bands are activated. Later, the coupling involves also the lower ones. Beyond a certain point, which may be best represented by trace ͑h͒ in Figs. 3 and 4 , the NH stretching mode starts to walk out of resonance again and the coupling amplitude decreases. The maximum width of the band pattern may be limited by the range of combination and overtone bands available in the 5D model subspace ͑Ϸ300-400 cm −1 ͒. However, the band width for the MP2 and B3LYP models is quite comparable to the experimental width, indicating that the major coupling partners are included.
While a rigorous labeling and reproduction of the observed transition wavenumbers and intensities is beyond the scope of the MIC model, the essential features of the resonance phenomenon and its dependence on the zeroth order frequency of the perturbed NH stretching oscillator are captured. The model makes clear how intrinsically weak combination and overtone transitions involving hydride bending amplitude light up when the NH stretching mode comes close in energy. The NH stretching character is delocalized and coherent excitation of the coupled manifold via the NH stretching transition moment leads to fast energy flow into the combined bending/ring deformation modes. Our model does not depend explicitly on the size of the pyrazole cluster, but the experimental data 21 suggest that most of the redshifted bands are due to trimers.
NH stretching anharmonicity
In order to further evaluate the 5D approach, a closer look at the NH stretching mode is instructive. The effective anharmonicity constant e x e , 1/ 2 of the difference between the harmonic and the anharmonic fundamental in a local Morse oscillator approximation, may help to judge if the included degrees of freedom already reproduce a major part of the observed anharmonicity effects. Experimentally, e x e can be estimated from the fundamental 20 and overtone transitions of monomeric pyrazole. The latter is observed in the gas phase ͑0.25 cm −1 resolution, not shown͒ with its Q branch at 6908 cm −1 , whereas our current setup is not sufficiently sensitive for supersonic jet detection. From these two band centers, it follows that e x e expt Ϸ 69 cm −1 . The same Morse oscillator analysis can be carried out with predictions for NH fundamental and overtone band centers based on the perturbational approach implemented in the GAUSSIAN 03 package. 29 The resulting parameters for the B3LYP/ 6-31+G * and MP2 / 6-311+G ** levels are summarized in Table IV . There is a satisfactory agreement between the theoretical and experimental anharmonicities, considering the crudeness of the involved approximations. e x e is almost perfectly reproduced at MP2 level, whereas it is slightly too high at B3LYP level. However, the derived harmonic wavenumbers are significantly ͑Ϸ25 cm −1 ͒ lower than the actual values in the corresponding surfaces. This may reflect a limitation of the one dimensional ͑1D͒ Morse analysis, which would also affect the experimentally extracted e and e x e values. Somewhat more likely, it reflects a deficiency of the perturbation theory implemented in GAUSSIAN 03. In any case, the perturbational B3LYP prediction of the NH stretching overtone is too low by 66 cm −1 or less than 1%.
To judge the 5D MIC results against the perturbation theory ͑PT͒ predictions, a 1D Morse analysis based on e and the predicted anharmonic fundamental NH is more appropriate ͑see Table IV͒ . By construction, the e values are the same. The anharmonicities differ significantly, the MIC predictions being in much closer agreement with the experimental value than the perturbation theory results. This may be taken as an indication that the employed perturbation theory overestimates anharmonicity and that the MIC treatment in five dimensions is remarkably accurate apart from slight deviations in the harmonic part. However, one should not dismiss the simplicity of the 1D Morse analysis. A fortuitous error compensation between the reduced coordinate space of the MIC treatment and deviations from simple This Morse deuteration approach is numerically less well conditioned than the overtone-based Morse oscillator analysis and it is more susceptible to failure due to mode mixing in the less well isolated XD stretching range. However, for hydrogen-bonded complexes, where overtone transitions are exceedingly weak, it is currently often the only experimental source for such anharmonicity estimates. In the present case, this approach suffers from a critical deficiency-Fermi resonance interaction with the 2 9 band ͑the fundamental of which may be found at 1315 cm −1 ͒ in the monomer ND stretching mode. 24 For completeness, we include the resulting anharmonicity constants based on the extreme assignments of the ND stretching mode to either one of the observed bands near 2600 and 2637 cm −1 in Table IV . It is obvious that the resulting error bars are too large to render this analysis useful in the present case.
Harmonic calculations for substituted pyrazoles
To investigate the robustness of the Fermi resonance scenario as well as the dependence of the monomer and dimer NH stretching fundamentals on the electron density of the heterocycle, we have extended the spectroscopic studies to pyrazole homologs, in which one or two CuH groups are replaced by C u CH 3 or C u CF 3 groups. Among the investigated species, we shall discuss here the singly and doubly methylated and trifluoromethylated derivatives which are shown schematically in Fig. 5 .
Their harmonic force fields were characterized at B3LYP/ 6-31+G * level ͑Table V͒. The NH stretching vibration is predicted to vary only weakly with methyl group substitution. Only methyl substitution in the direct neighborhood has a significant frequency lowering effect. Trifluoromethyl substitution lowers the NH stretching frequency by a larger amount, more or less independent on the substitution site and more or less additive, if two groups are introduced. At the same time, it enhances the fundamental band strength somewhat.
All substituted species show ring deformation/hydride bending vibrations in a similar range of wavenumbers ͑1200-1650 cm −1 ͒, as can be seen from Table V . Ring deformation vibrations involving substituted atoms show slightly shifted frequencies corresponding to mass effects and changes in the associated XH bending character. However, the normal coordinates do not change dramatically in comparison to unsubstituted pyrazole. Therefore, one expects that the qualitative resonance pattern for the corresponding trimer NH stretching modes should persist.
Experimental results for substituted pyrazoles
Since substituted pyrazoles have a low vapor pressure, no systematic study of the stagnation pressure dependence of NH stretching spectra was attempted. This will be possible in the future using a heated nozzle assembly. 27 Until that is done, small dimer contributions within the larger cluster band manifold cannot be excluded. However, the close analogy of the IR spectra to those of pyrazole renders the monomer, dimer, and larger cluster assignments rather straightforward. A complication arises from the prototropic tautomerism of unsymmetric 1H-pyrazoles, as shown in Fig.  5 . Only in the case of 3͑5͒-methylpyrazole did we observe two distinct monomer bands at 3526 and 3511 cm −1 . The former band is two to three times stronger. Based on the B3LYP calculations ͑Table V͒, it should be assigned to 3-methylpyrazole which is more stable by 0.6 kJ/ mol. The predicted spectral splitting of 13 cm −1 agrees with the experimental splitting of 15 cm −1 . For the trifluorocompound, the two tautomers are expected to overlap based on the B3LYP prediction, which could explain why only one band is observed. Alternatively, the 4 kJ/ mol energy difference ͑B3LYP͒ between the metastable five-substituted member and the more stable 3-͑trifluoromethyl͒pyrazole may explain why only one band is observed. Its experimental redshift of 10 cm −1 relative to pyrazole is reproduced by the theoretical prediction ͑11-12 cm −1 ͒. The 26 cm −1 redshift of the bis͑tri-fluoromethyl͒pyrazole is also well reproduced at B3LYP level ͑25 cm −1 ͒. It is certainly a consequence of the electronwithdrawing effect of the CF 3 groups. The correlation between experimental and B3LYP substitution shifts relative to pyrazole ͑Fig. 6͒ is remarkable. The good performance of the B3LYP calculations in predicting the monomer substitution effects provides additional support for the reliability of this electronic structure approach.
A tentative dimer band assignment is indicated in Fig. 7 , which collects the jet FTIR spectra in the dimer and trimer ranges. For the bis͑trifluoromethyl͒pyrazole, some overlap by trimer absorptions or the onset of Fermi resonance may be postulated based on the band width, whereas the other dimer bands are still rather narrow. They are characteristically redshifted with respect to the corresponding monomer bands. Methyl groups have a minor effect on this redshift, whereas trifluoromethyl substitution reduces it by 10% and more. Thus, the acceptor quality appears to be more influential on the hydrogen bond induced frequency shift in pyrazole dimers than the hydrogen bond donor quality, in line with earlier findings for alcohol dimers. 27, 36 Common to all investigated pyrazoles is an extensive, structured absorption below the dimer absorption frequency ͑Fig. 7͒. It spans a range of roughly 400 cm −1 and can be explained in analogy to the parent compound pyrazole ͓trace TABLE V. Harmonic transition wavenumbers ͑in parentheses: band strengths in km mol −1 ͒ of the ring stretching vibrations i and the NH stretching mode NH of the substituted pyrazoles in Fig. 5 as calculated within the B3LYP/ 6-31+ G * approximation.
Vibration ͑cm −1 ͒ ͑a͔͒. The similarity of the spectra of pyrazole and 3͑5͒-͑trifluoromethyl͒pyrazole is particularly striking. Both are dominated by a strong doublet around 2950 cm −1 . However, an assignment of the detailed structure is beyond the capabilities of the MIC model. For the latter, only the coarsegrained similarity is relevant and confirms that coupling of the softened NH stretching mode to two-quantum aromatic ring excitations is quite universal for pyrazole aggregates with linear hydrogen bonds.
CONCLUSIONS AND OUTLOOK
The NH stretching mode in pyrazoles is known to exhibit a pronounced Fermi resonance pattern in condensed phases. We show by supersonic jet FTIR spectroscopy that this phenomenon is already present in small isolated clusters, presumably trimers, whereas it is largely absent in dimers of pyrazole. The resonance partners are mostly overtones and combination bands of aromatic ring vibrations with hydride bending character, which are only weakly affected by hydrogen bonding. The reason why these resonance partners only light up in trimer spectra, but not in dimers, must be sought in the energetic resonance condition itself.
By developing a monomers-in-clusters model which tunes the NH stretching vibration of monomeric pyrazole across the 3 -3.5 m range, we can show that the essential anharmonic couplings are already laid out in the monomer. Hydrogen bonding simply serves to fulfill the energetic resonance condition by reducing the bond order of the NH chromophore. While such a model does not capture the dynamical details and long-term behavior of the energy flow out of the chromophore, it describes the primary pathway. It does so in an efficient way, as it only needs electronic structure calculations of the monomer. This allows for five dimensional variational calculations of the involved states, which would be orders of magnitude more expensive for the trimer itself.
The investigation of the anharmonicity of the NH stretching oscillator via different approaches shows that a 5D MIC calculation captures the most important coupling partners. It would be interesting to verify the present infrared coupling scenario by Raman spectroscopy. 37 While the MIC approach remains exactly the same, the observed symmetric NH stretching modes are predicted to be slightly further redshifted. The additional redshift is on the order of 10% and therefore, not expected to change the coupling scenario in a qualitative way. However, a combination of heated nozzle source 27 and improved Raman detectivity will be required to observe the totally symmetric bands. 25 
